isolated as such but only in its dimer form. At room temperature a 0·1 M solution of it contains only about 3 per cent of free radica110, In this connection it is mentioned that triphenylmethyl also undergoes irreversible dimerization to 4-diphenylmethyltetraphenylmethane (111) 11-13, The rate of reversible dimerization is very large. In fact, it can easily be calculated from the equilibrium constant 1 0, 14-17 and the first order rate for the dissociation of hexaphenylethane (see below), and it turns out to be around 104 l.mole-1min-1 . A feeling for such a value is obtained by realizing that if it were possible to make a one per cent solution of triphenylmethyl radical it would be half dimerized in about one tenth of a second.
The aggressiveness of triphenylmethyl is also evident from its reaction with oxygen. The rate of this reaction is even larger than that of its reversible dimerization. In fact, it is so high that it has been used to measure the dissociation rate of hexaphenylethane. It has been found that in the presence of a chain-inhibitor of the phenolic type, the reaction of this ethane with oxygen is a first order process, its rate being about independent of the oxygen partial pressure18, 19 (see also ref. 20 ). This clearly shows (i) that the rate-determining step of this reaction is the dissociation of the hexaphenylethane; (ii) that the actual reacting species is the triphenylmethyl radical, and ( iii) that, as indicated, the reaction rate of the latter with oxygen far exceeds that of its dimerization. r.d.s.
-----"----very rapid (CsH5)3C· + 02 --~ Oxidation products
The reaction with oxygen is therefore an established method not only for the measurement of the dissociation rate of ethanes21-23 but also for that of radical dimerizations23.
The rate of the reaction between triphenylmethyl and the halogens is also very high. Even iodine or nitric oxide compete so successfully with the dimerization reaction that under certain circumstances good rates of dissociation can also be obtained from the relevant reactions24, 25 .
Most "stable" carbon free radicals behave similarly. Some, such as Schlenk's trisbiphenylylmethyl (IV)26, 27, Gomberg's tri-p-nitrophenylmethyl (V)28, 29, Ziegler's pentaphenylcyclopentadienyl (VI)30, 31, dioxadihydrocoranthryl (VII)32 and tri-3-pyrenylmethyl (VIII)33, show, however, remarkably little tendency to associate. Nevertheless, they react quickly with oxygen, halogens and other substances.
One interesting group of carbon free radicals that has attracted some attention recently is Koelsch's I ,3-bis-biphenylen-2-phenylallyl (IX)3 4 and related radicals35-37. These are completely disassociated free radicals which, although they react with chlorine and bromine, are nevertheless inert towards iodine. Also, their reactions with oxygen are relatively slow. Halflives of 10 min and 10 h in solution, in the air, have been reported for Koelsch's radical37 and Kuhn's 2(p-biphenylyl)bisbiphenylenylallyl (X)36, respectively. 
Factors governing stability in cabon free radicals
It is generally accepted that the stability of arylmethyl radicals is partly due to delocalization of the "odd" electron in the aromatic nuclei, and partly to "frontal" steric strain in the corresponding ethanes, i.e., steric repulsion between their two composing arylmethyl groups.
A measure for the contribution of these two intervening factors is the resonance energy of the radical and the steric strain energy of the ethane. In Figure 1 a schematic representation of the "frontal" strain in the ethane Ar 3 C-CAra is shown. The arrows represent the actual acting forces.
It has been estimated that the effective resonance in the triphenylmethyl radical ( two moles) and the steric strain in hexaphenylethane ( 1 mole) are equally important. In terms of energy they both amount to about 35 kcal38, 39. If triphenylmethyl were a flat molecule, with all its benzene nuclei lying in a plane, its resonance stabilization would be about 80 kcal (2 moles) 4 0. The 45 kcalloss is caused by the partial rotation of the planes of the benzene nuclei around their bonds with the central carbon atom thus conferring to the molecule a propeller-like array (Figure 2) . Such tilting, which is assumed tobe the same for the three nuclei, is measured by the angle between their planes and that of their three bonds with the central carbon, and it is due to steric interaction between the ortho hydrogens. 
INERT GARBON FREE RADIOALS
The degree of their tilting is still a matter of speculation. While Theilacker41, by taking account of the distances between the atoms involved and their spheres of action, adopts an angle of about 20°, McLachlan 42 and Chesnut and Sloan43 find that its e.p.r. data is best interpreted when a value of around 60° is assumed. The theoretical calculations carried out by Adrian38 lead to the value of 32°.
I t is remarkable that the idea of frontal strain in this class of radicals is already in Gomberg's celebrated first paper:
"The existence of such a body means that when three valencies of carbon are taken up by three phenyl groups it is difficult, or perhaps even impossible, to introduce as a fourth group such a complicated radical as Ph 3 C-.... Whether this be due to the negative character of the three phenyl groups, or whether it is caused by the fact that these groups take up so much space araund the carbon atom as to hinder the introduction of another complicated group, .... need not be discussed here"
Frontal steric strain may also be present in a substance resulting from combination of a triphenylmethyl radical with a bulky group. Consequently, this can slow down the relevant reaction rate or even prevent the occurrence of the reaction. W e shall use the term, steric shielding, for this type of hindrance. Conversely, it can be expected that the highest rates will be observed in reactions with small particles, particularly with other (smaller) free radicals.
If the ortho hydrogens of triphenylmethyl are replaced by other, necessarily bigger, substituents, either partly or completely, it is clear that the frontal strain in the ethane will increase. The steric energy will therefore be greater than 35 kcal. However, the twist angle in the radical will also increase and, consequently, the resonance energy will qecrease. If such energy changes cancel out, it should be expected that the equilibrium between the ethane and the radical would not be significantly shifted. However, as weshall see next, the evidence available shows that the frontal strain predominates, the net effect being an increase in the dissociation of the ethane.
Reactivity of arylmethyl radicals and steric factors
There is no .rym-diarylethane that dissociates appreciably at room temperature. t Apparently, neither the resonance energy in the benzyl radicals nor the frontal strain in the corresponding bibenzyls are important enough. Most sym-tetraarylethanes are also not dissociated undersuch conditions. However, in a number of examples where frontal strain is also clearly involved, the corresponding diarylmethyl radicals are detected. Such is the case of radicals a-tert-butyldiphenylmethyl (XII)45, a-tert-butylbisbiphenylmethyl (XI~J)46, pentaphenylethyl (XIV)47, and 9-triphenylmethylfluorenyl (XXIJ)48. In these examples, the third substituent on the central methyl contributes little to resonance, its role being mainly steric.
Another type of stable diphenylmethyl is that which has sterically interacting substituents in the ortho positions of the phenyl groups. Examples: di-2-xylylmethyl (XV) 49 
In this connection it should also be mentioned that radicals XIV, XIX, XXI and XXII are completely disassociated. The Stuart-Briegleb scale models show clearly that these radicals are also the most shielded around the methyl carbon, i.e. that frontal strain of the corresponding ethanes is maximal.
These radicals are, nevertheless, extremely sensitive to oxygen. In fact, the rate of dissociation of some of the corresponding .rym-tetraphenylethanes has been ascertained from their reaction rates with oxygen23, 54. It has been found, for example, that the rate of association of radicals XV and XVIII is even somewhat lower than that for triphenylmethyl23, It should, however, be mentioned that in equilibrium they are more associated than the latter radical 10 • 23 • The steric effects of the substituents are, as expected, also important in the case of the triarylmethyl radicals. Resonance is here greater. In fact the large or complete disassociation of some radicals of this type is predominantly due to resonance, the best example being Schlenk's tribiphenylylmethyl radical IV already mentioned.
Of course, in the triphenylmethyls the frontal strain of the corresponding ethanes ( or shielding of the radicals) can only be varied by changing the ortho substituents. It might be thought that replacement of alt ortho hydrogens of triphenylmethyl by alkyl groups or halogens, for example, would Iead to a large group of completely disassociated free radicals. Unfortunately, internal molecular overcrowding has prevented so far not only the synthesis of the relevant chemical precursors, but also even that of some less ortho substituted ones. Actually, not only is the number of the latter radicals very limited but also very few are completely disassociated. All of them react with oxygen and other chemically aggressive substances.
The following correlations show clearly enough, however, the importance of the steric factor in controlling the association of such radicals. They have been taken from the data published by Preckel and Selwood17, Theilacker and Wessel-Ewald41, and Marvel and coworkers55, 56.
Consideration of sequences I, 2 and 3, as weil as the results mentioned before for the diphenylmethly radicals, Ieads to the following general conclusions concerning the influence ofthe steric factors on the disassociation offree radicals: (i) The effect of a substituent in the ortho position is much greater than that of one in the meta or para position. (ii) The effect increases with the size of the ortho substituents. (iii) The effect increases with the number of ortho substituents.
From the purely steric point of view, the effect of an a-naphthyl group should be close to that of an o-tolyl. Actually, the extent of association of the radicals a-naphthyldiphenylmethyl and o-tolyldiphenylmethyl is similar17' 57 in spite of the greater resonance of the former40. This seems to indicate that even here the steric factor predominates. Accordingly, the association of ß-naphthyldiphenylmethyl is much greater.
Consideration of rather old data on phenanthryldiphenylmethyls also supports this conclusion. 1-Phenanthryldiphenylm.ethyl, the steric equivalent of a-naphthyl, is less associated than its 2-or 3-phenanthryl isomers58. However, in the case of aromatic polynuclear groups, such as 3-pyrenyl, both steric and resonance effects seem to be of comparable importance33.
It is well known that the radical 9-phenylfiuorenyl (XXIV) is completely associated at room temperature. The reason for this remarkable fact is that
the effect of the reduction of the frontal strain in the ethane outweighs the relevant increase of the resonance in the radical59, The cause of this reduction is that two of the three phenyl groups are being held in an almost coplanar arrangement. This shows again how predominant the steric effect usually is. Accordingly, the introduction of a bulkier substituent in the
Sequence 2
Disassociated 9-position of fluorene not only restores stability of the radical at room temperature but in certain radicals, such as 9-triphenylmethylfluorenyl (XXII), 9-mesitylfluorenyl (XXV) and 9(2-tert-butylphenyl)fluorenyl (XXVI) does so to such an extent that no appreciable association occurs52, Radicals of Koelsh's type (IX and X) are sterically comparable to XXII, XXV and XXVI. However, they possess two equivalent centres of high electron spin density that make resonance a most important factor in conferring stability. As has already been indicated, not only are they completely disassociated but they even react at a moderate rate with oxygen34~37. Half-lives in solution and in the air, of up to 10 h have been reported36, Also, under normal conditions, they do not react with hydroquinone, sodium sulphite,-iodine, or vitamin C, and they can withstand in solution temperatures close to 100°. However, they react immediately with chlorine, sulphuric acid, etc.
PERCHLOROARYLALKYL RADICALS
In 1954 we reported the synthesis of perchlorotoluene (XXVII)60. 61. This represented a major breakthrough leading to a new field full ofpotential compounds and new phenomena: the field of the alkaromatic chlorocarbons62.
The first attempt to synthesize an alkaromatic chlorocarbon was probably that of Beilstein about one hundred years ago63. Programmes with this end in view were undertaken by various research teams during World War II, but unfortunately they did not succeed. The difficulties encountered could undoubtedly be traced to steric shielding in the process of introduction of the last chlorines, steric compression in the molecule of the alkaromatic chlorocarbons, and electronic chemical deactivation. These effects are due to the relatively large size of the chlorines and to their accummulation. Actually, it is impossible to assemble a Stuart-Briegleb scale model for the simplest alkaromatic chlorocarbon, perchlorotoluene, because of the interference between the alpha and the ortho chlorines for homomorphs of perchlorotoluene has been estimated64, 65 to be around 24 kcal mole-1, a value consistent with the bathochromic shifts observed in its electronic absorption spectrum66. Such steric interactions occur also in many polynuclear aromatic chlorocarbons, such as perchlorophenanthrene, which explain the fact that only a few of them were known when we undertook our research programme ( Figure 3 ).
The synthesis of perchlorotoluene in good yield indicated that we had a selective, yet powerful, chlorinating agent capable of overcoming all those hindrances appearing in the process ofperchlorination. In fact, it has enabled us to synthesize other new aromatic and alkaromatic chlorocarbons. From the study oftheir nature and behaviour we have learnt significant facts about this new dass of organic substances which, in turn, have helperl us to devise novel ways to synthesize them62,
We have mentioned that the greatest problern in the synthesis of stable polyarylmethyl radicals is sometimes the unsurmountable steric difficulties in the preparation of their chemical precursors. Consequently, certain alkaromatic chlorocarbons might prove tobe valuable starting compounds for the synthesis of stable free radicals, since the size of chlorine is practically identical to that of the methyl group which, as it has been indicated, is very effective in taming the aggressiveness of the di-and triaryl-methyl radicals.
Perchlorobenzyl radical
Our first encounter with a perchlorinated arylmethyl radical took place in 195967. By that time we were concentrating on the synthesis ofnew chlorocarbons and, consequently, our interest in free radicals was merely incidental. It was found that the reaction of perchlorotoluene (XXVII) with some inorganic reducing species gives a good yield of a mixture of cis-(XXVIII) and trans-perchlorostilbene (XXIX). This reaction was interpreted on the basis of the formation of perchlorobenzyl radical (XXX), which, by dimerization to perchlorobibenzyl (XXXI) and subsequent vicinal dechlorination, would finally yield the perchlorostilbenes.
Evidence for such a. mechanism was the fact that when the reaction was performed in the presence of toluene, aH-heptachlorotoluene (XXXII) was isolated in a substantial yield, while that of the perchlorostilbenes was consequently diminished. In the reaction using iodide ion as the dechlorinating agent benzyl iodidewas also isolated. These results are consistent with arelease of an ~X-hydrogen from toluene to the perchlorobenzyl radical, which competes with the formation of the perchlorostilbenes.
CsClsCCl2 + CsHsCHa -7 C6ClsCHCl2 + CsHsCH2 2 CsHsC~H2 + I 2 ~ CsHsCH2I
Substantial evidence for such a mechanism is obtained from the reaction of oH-heptachlorotoluene (XXXII) with iodide ion giving a mixture of 2H,2' H-dodecachlorobibenzyl XXXIII and cis-and trans-2H,2' Hdecachlorostilbene (XXXIV)67. I t was also found that, und er the reaction conditions, the bibenzyl XXXIII is readily converted into a mixture of the latter products67.
I t should be mentioned that various attempts to isolate the perchlorobibenzyl in the reaction with perchlorotoluene have been unsuccessful. This is attributed to its high steric strain, higher than that of perchlorotoluene, which greatly assists the elimination of the vicinal chlorines. In the case of the 2 H,2' H-dodecachlorobibenzyl, the presence of a hydrogen in an ortho position on each phenyl ring provides room for the bulky alpha substituents, and consequently reduces both its frontal steric strain and the assistance to chlorine elimination. Figure 4 is a scale drawing of the perchlorobenzyl radical in the planar conformation which shows the "spheres" of action for the chlorines. Notice that, on account of the steric interaction between the alpha and the ortho chlorines, this conformation is impossible, the former chlorines being necessarily located above and below the plane of the benzene ring. The scale models indicate that the angle between the latter and the plane of the three bonds with the alpha carbon should be close to 45°. Other reactions, which probably take place through the perchlorobenzyl radical, are the thermolysis68 and the photolysis69 of perchlorotoluene.
The thermal decomposition of perchlorotoluene begins to take place at a rather low temperature (185°). This.is due to steric assistance to homolysis of an alpha-chlorine-carbon bond. The following sequence accounts for the reaction products:
Cl· + CsCl5CCla-+ C6Cls + •CCla C6Cl5CCI2 + ·CCla -+ C6ClsCCl=CC1 2 + Cl 2 Accordingly, the stoichiometry of the reaction is
(2)
The figures in parenthesis are the actual molar proportions of the productst.
Step 3, although sterically hindered, is assisted by the formation of molecular chlorine in a concerted manner. This assumption is also supported by the fact that 0·7 per cent (0·021) of trans-perchlorostilbene is isolated from the resulting reaction mixture.
As far as the photolysis of perchlorotoluene in carbon tetrachloride with ultraviolet light is concerned69, the mixture obtained is consistent with the following seq uences hv • C6CbCCla -+ C6ClsCCb + Cl· t An alternative, rather unorthodox mechanism for this reaction has been reported elsewhere68. Evidence for sequence involving the formation of other perchlorocarbon radicals, such as perchloro-3-phenylallyl, has also been obtained70.
Other radicals
One remarkable reaction occurs through the formation of radicals of a type describable by the general formula:
The corresponding dimers have never been isolated; only the products of their vicinal dechlorination. When m is large they are polymeric chlorocarbons of extremely high thermal stability and chemical inertness71.
[-Ar(CCl CC1)2p+l-]m
INERT CARBON RADICALS Perchlorodiphenylmethyl[PDM] radical
Two years ago, during the development of our programme on aromatic and alkaromatic chlorocarbons, it was decided to attempt the synthesis of perchlorodiphenylmethane (XXXV) by means of our powerful chlorinating agent. The odds were clearly against us, since such a chlorocarbon would possess a huge steric strain. In fact, it can be assumed to be the result of the virtual substitution of an alpha chlorine in perchlorotoluene by a bulky pentachlorophenyl group. Nevertheless, perchlorodiphenylmethane was o btained, although in a poor yield.
One most challenging question arose immediately: how would perchlorodiphenylmethane behave under the same reaction conditions which cause perchlorotoluene to yield the perchlorostilbenes?
If the reaction was formally analogous to that of perchlorotoluene, perchlorotetraphenylethylene (XXXVI) should be obtained via the per- chlorodiphenylmethyl radical. Perchlorotetraphenylethylene would be, however, a highly overcrowded substance, since the two central ethylene carbons would be surrounded by forty-four atoms. Another possibility was that the perchlorodiphenylmethyl radical (XXXVIII) might be obtained. Of course, from the data presented in the introduction ofthis talk, it was unlikely that its dimer, perchlorotetraphenylethane (XXXVII), would be obtained, since its frontal strain should necessarily be greater than that of the dimers of XV and XVI, which are known to dissociate to a remarkable extent. It may be noted that here the alpha chlorines would contribute alsotothat strain. The fact that it has been impossible to isolate perchlorobibenzyl in the case of toluene was also against such a possibility.
The reaction was performed in dioxane using stannous chloride as a dechlorinating agent ( other dechlorinating agents, such as ferrous chloride or mercury, could be used as weil) and yielded a red crystalline materiaF2. This colour suggested strongly that the reaction product was a free radical. Eiemental analyses were consistent with formula (CisCln)x and the i.r. spectrum showed that its structure was entirely benzenoid. Also, its molecular weight in solution was, within the experimental error, that of the perchlorodiphenylmethyl radical. Furthermore, preliminary tests carried out with rudimentary equipment proved that the solid product was strongly paramagnetic.
Later, magnetic susceptibility and e.p.r. measurements confirmed that the perchlorodiphenylmethyl radical, or PDM, was a completely disassociated free radical, even in the solid form. Although such a result was not quite unexpected, a most surprising fact which aroused our excitement from the moment we isolated PDM was, however, its remarkable chemical inertness. Its stability towards oxygen was clearly greater than any known carbon free radical. In solid form, it can be kept for two years in the air without appreciable change. Also, it proved remarkably resistant towards chlorine, bromine, iodine, nitric acid, sulphuric acid, sodium hydroxide, nitric oxide, hydroquinone and pquinone. However, although inert towards the usual organic solvents, it is slowly destroyed in boiling toluene giving cxH-undecachlorodiphenylmethane (XXXIX) and 1,1-bis-pentachlorophenyl-2-phenylethylene (XL). This reaction is interpreted as an cxhydrogen abstraction from toluene giving a benzyl radical, which is then captured by PDM to give XLI, a highly strained compound that undergoes immediate elimination of hydrogen chloride.
I t is possible that the condensation between these two radicals can be a one step process.
The preceding reaction is essentially analogous to that of tri-p~biphenyl methyl (or tri-p-tert-butylphenylmethyl) with toluene73 or xylene74. The product was in these cases, the triphenylmethane and those which correspond to XLI.
In the air, at room temperature, and dilute solution, PDM oxidizes slowly. Under such conditions its half-life is around three days. However, if a stream of oxygen is passed through its boiling solution in hexane for a number of hours, the radical is recovered almost quantitatively. This unusual result is probably due to the low concentration of oxygen in the . solution and, of course, to the low activity of PDM.
The e.p.r. spectrum of PDM consists, as expected, of four lines, which correspond to spin-spin interaction between the odd electron and the alpha chlorinef. With higher gain a number of minor peaks appear that are due to interaction with the 13C nuclei.
In Figure 5 the electronic absorption spectrum of PDM is shown. The band around 390 mfL and its tail extending beyond 500 mfL account for its colour. Figure 6 is the i.r. spectrum of PDM. Before we had completed the preliminary study of PDM we were already wondering whether perchlorotriphenylmethyl radical, or PTM (XLI), could ever be synthesized. The odds were much against us, since the obvious precursor for its synthesis, perchlorotriphenylmethane, would possess such an extremely high steric strain that the chances of overcoming it with our perchlorinating agent would be practically non existent. In this connection it should be recalled that the yield for the chlorination to perchlorodiphenylM methane, the precursor of PDM, was very low and that this was attributed to steric strain. For this reaoon, the idea of preparing that chlorocarbon was given up. However, it was decided to try the preparation of another, not so highly strained, possible precursor of PTM: IXH-pentadecachlorotriphenylmethane (XLII). This substance, by elimination ofits hydrogen atom, should also yield PTM. Compound XLII was prepared without much diffi.culty, and when treated with sodium hydroxide in a mixture of ethyl ether and dimethyl sulphoxide gave quantitatively the perchlorotriphenylcarbanion (XLIII), which in turn, by oxidation with iodine, was converted in good yield into PTM.
PTM is a garnet, crystalline chlorocarbon. Its molecular weight in solution shows that it is completely disassociated. Magnetic susceptibility measurements indicate that in solid state it is also completely disassociated.
Its electronic absorption spectrum (Figure 7) shows two absorption bands around 390 and 500 mf.L to which i ts colour is traced. I ts infrared spectrum is that of a typical benzenoid chlorocarbon, which on account of the high molecular symmetry consists of only a few peaks (Figure 8 ).
PTM is moreinert than PDM. It does not react with oxygen at all. Even in very dilute solution, at room temperature, it is perfectly stable in the air, as ascertained by precision spectral measurements. Under these conditions, its half-life is probably, at least, a few decades. Actually, all the operations leading to its synthesis are performed in the air. In fact, a very effective way of getting rid of some of the accompanying impurities consists of passing a stream of oxygen through the reaction mixture during certain stages of its preparation.
. It is also perfectly stable towards typical radical reagents such as chlorine (in the dark), bromine, and of course iodine, as weil as nitric oxide, pquinone, hydroquinone, etc. It is stable towards the usual solvents, even boiling toluene. It does not decompose appreciably at temperatures as high as 300°.
Such chemical and thermal behaviour shows that PTM not only possesses a tremendous inertness, but also that its stability in the broadest sense is clearly greater than that for the majority of "normal" tetravalent carbon compounds. Scale models indicate that the phenyl rings should be in a propellerlike array around the central carbon, forming an angle with the plane of the three central bonds no smaller than 60°. Such twisting is due to interaction among the ortho chlorines and, accordingly, spin delocalization should be smaller not only than that oftriphenylmethyl, its parent hydrocarbon radical, but also than that of tri-o-tolylmethyl, since in the latter there are only three ortho substituents and they are not sterically buttressed by meta substituents as in the present case.
The e.p.r. spectrum of PTM consists of a main line with a number of satellite peaks due to spin-spin interaction with the 13C nuclei75. In this connection, it should be mentioned that quantum calculations on the 13C splittings of PDM are consistent75 with an angle of about 60°.
In Figure 9 a top-view of a Stuart-Briegleb model of PTM is shown. lt can be seen that the central carbon atom, where most of the spin density resides, because of the tilting of the benzene rings, is almos-t perfectly shielded by the three benzene nuclei and the six ortho chlorines-three of which are on top and three (not seen) under-from attack by outside chemical species. Theseare thus prevented from getting close enough tothat central carbon for effective bond formation.
Thesearguments apply also to PDM, although in this case the shielding is not so perfect as in PTM and, consequently, its inertness is less.
One interesting fact concerning the behaviour of PTM, in contrast to that of PDM, is the inertness towards boiling toluene. Presumably, the transition state for the hydrogen abstraction possesses, in spite of the small size of the hydrogen, an important frontal steric strain.
PTM has, nevertheless, some reactivity. It reacts easily with potassium in ethyl ether to give the perchlorotriphenylc~rbanion. The role of this solvent is not clear, although it is probably related, at least partly, to its efficiency as an ion stabilizer.
Notice that the two preceding reactions of PTM are electron-transfer processes: Consequently, they do not necessarily require the formation of a stable bond. Thus, if they occur through attack on the central carbon atom, the distance between the reacting species can be minimal in the transition state, and therefore, the steric shielding araund PTM's central carbon is ineffectual.
Such electron-transfer reactions see1n to indicate that PTM and related inert free radicals are, ess~ntially, highly reactive substances the aggressivity ofwhich is weil concealed behind their steric shielding. This is also consistent with their low resonance stabilization caused by the high-angle propellorlike array.
Perchlorocarbanions
The preparation of PDM is now being carried out advantageously from IXH-undecachlorodiphenylmethane through the corresponding perchlorodiphenylcarbanion (XLIV). The overall yield of this process is very good. In this connection, we wish to point out that the preparation of some I.X-chloroalkyllithium compounds, which are prefectly stable at -100° has been reported76-81. That the halogen and the metal can coexist in these compounds has been considered a remarkable, unique fact. It has been stressed that these preparations promise a wealth of opportunities for synthetic applications and structural study that were not previously possible.
We wish to pointout now that solutions of XLIV can be kept at room temperature for long periods without appreciable decomposition. Consequently, as far as we know, XLIV is by far the most stable ~.X-chloroalkyl alkali metal ever reported82, Under certain conditions, however, it can be slowly converted, through a carbene mechanism82, into the perchlorotetraphenylethylene (XXXVI) andjor rlH,aH-decachlorodiphenylmethane (XLV). e (CsCls)2CCl ~ (C6Cls)2C=C(C6Cls)2 + (C6Cls)2CH2
This method of synthesis of radicals through the carbanion ha.s allowed us to prepare a number of free radicals related to PDM or PTM. All of them show the characteristic chemical inertness of the parent chlorocarbon radicals.
PDM series
The radicals of the PDM series which have been synthesized through this sequence are XLVI, XLVII, XLVIII and XLIX (formulae on p. 144). Perchloro-4-phenyldiphenylmethyl (PPDM, XL VIII)-This has been synthesized from aH-tetradecachloro-4-phenyldiphenylmethane (XL VI). I t is an air-stable, orange solid. It is completely disassociated in both solid form (magnetic susceptibility) and in solution (osmometry). Its e.p.r. spectrum consists of four lines due to the spin-spin splitting with the alpha chlorine. In solution, in the air and at room temperature its half-life is 12·5 days. In general, it is chemically more resistant than PDM. I ts e. p.r. spectrum also consists of four lines. In solution, in the air and at room temperature its half-life is 19 days. lt is also chemically more inert than PDM.
PTM series
The radicals of the PTM series which have been synthesized in this way are L-LV (formulae on p. 145). Perchloro-4-phenyltriphenylmethyl (PPTM, LIII)-This is obtained from cx.H-nonadecachloro-4-phenyltriphenylmethane (L). I t is an air-stable, crimson solid. It is completely disassociated in both solid form (magnetic susceptibility) andin solution (osmometry). Its e.p.r. spectrum consists of a single line. Precision spectral measurements indicate that in dilute solution, in the air and at room temperature there is no appreciable change after one month. It displays the same inertness as PTM. It can be heated 300° without appreciable change.
Perchloro-4,4'-diphenyltriphenylmethyl (PDTM, LIV)-This is obtained from cx.H-tricosachloro-4,4'-diphenyltriphenylmethane (LI).
It is an air-stable, crimson solid. I t is completely disassociated in both solid form and in solution. Its e.p.r. spectrum consists of a single line. In dilute solution, in the air and at room temperature it is also perfectly stable (one month). 
It is an air-stable, purple solid. It is completely disassociated (magnetic susceptibility). Its e.p.r. spectrum consists of one line. In dilute solution, in the air and at room temperature it is also perfectly stable (one month). In addition, it displays the chemical inertness of PTM. It can be heated as high as 300° without decomposition.
Biradicals
In view of the preceding results it was decided to attempt the synthesis of perchloro biradicals.
In 1907 Chichibabin prepared a hydrocarbon83 to which the structure LVI was given. However, it appeared later that, within the experimental error of the measurements, this substance84 was diamagnetic. The quinoid structure LVII was consequently proposed.
cc,H,>, C--©-0 C cc,H,l, cc,H,),c00c<c 6 H 5 l 2 (LVI) (LVII) Although this hydrocarbon behaved in many ways like a diradical, it was not until ten years ago that its paramagnetism was demonstrated85, 86. However, the measurements indicated that only a small fraction of the substance is in the biradical form.
Introduction of bulky substituents in the central ortho positions of the biphenyl system enhance the radical character so much that the paramagnetism of the relevant compounds, such as biradicals LVIII 5 2 and . LJX87, is easily detected.
CH3
(e6H5),C~Cie6Hsl2
Steric interactions among such ortho substituents twist the central ethylene bond of form LVII to a great extent and, consequently, lower its stability (steric inhibition of resonance). Therefore, both biradical and polymeric (LX) forms become more important.
I t was found that Theilacker's biradical (LXI) is completely disassociated at room temperature52. This shows that here not only the quinoid form is unimportant but also that polymerization of the biradical is sterically hindered in essentially the same manner as the dimerization of tri-o-tolylmethyl already mentioned (frontal steric strains in the polymer).
It seemed, therefore that if the corresponding Chichibabin chlorocarbon (LXIV) could be prepared, there would be a good chance of its being an inert, non-quinoid, completely disassociated biradical. Its synthesis was effected as usual by conversion of the corresponding bis-rtH-polychlorinated derivative (LXII) into the bicarbanion (LXIII), followed by oxidation with iodine. Perchloro-Chichibabin, the nickname we use for perchloro-4,4'-biphenylenebisdiphenylmethyl biradical (LXIV), is a garnet chlorocarbon.
Its visible and u.v. spectra are very similar to those of PTM (Figure 7 ).
Its i.r. spectrum does not show any ethylene carbon-carbon bond stretching peak, in agreement with a non-quinoid, fully benzenoid structure. Magnetic susceptibility measurements prove also that, within the error of the measurements, it is a completely disassociated substance in solid state, and that it is a double doublet.
Perchloro-Chichibabin biradical is perfectly stable towards oxygen, either in solid form or in sol ution. I t also possesses the chemical inertness characteristic of radicals of the PTM type. Its e.p.r. spectrum shows one single line with a g-value close to two.
Concerning biradicals, it should be mentioned that in the same manner perchlorotoluene gives the perchlorobenzyl radical, already mentioned, it appears that perchloro-p-xylene gives perchloro-oc.-xylyls which, by successive dimerizations and chlorine eliminations, yield finally a macromolecular chlorocarbon ofexceptionally high thermal stability and chemical inertness71. Under certain conditions the product is, however, perchloro-p-xylylene exclusively72, 88, This chlorocarbon is, as far as we know, the most stable p-xylylene ever reported t. I ts i.r. spectrum shows intense ethylene carboncarbon bond stretching peaks and a complete Iack ofbenzenoid Hstretching'' bands. Consequently, its structure is entirely of the quinoid type (LXV), t The parent hydrocarbon, the p-xylylene, is an extremely reactive substance of quinoid structure 8 9. -that there must exist a spin coupling that does not disturb significantly the '7T-electron cloud on the central benzene nucleus. Consequently, most of the relevant electron density is located outside, mainly on the two alpha carbons.
There is no doubt whatsoever that these unique features of the perchloroThiele chlorocarbon are due to the very high ( .-,(30°) twisting of the exo ethylene bonds of form LXVIII, caused by the repulsions among the ortho chlorines.
EPILOGUE
In conclusion, a number of carbon free radicals have been synthesized, which not only are completely disassociated, but also possess a unique thermal stability and chemical inertness.
Therefore, for the first time we have within our reach the possibility of wide experimentation, and even use, of free radicals in certain fields of science and technology, such as electronics and medicine, for example.
However, the familiar statement that "perfection cannot be achieved in this world" can also be applied here. Although, as has been indicated, PTM and related radicals aremoreinert than the PDMs, they have a drawback the latter do not possess: light sensitivity in solution. Nevertheless, no circumstance can be one hundred per cent to man's disadvantage. Such a sensitivity has very recently allowed us to isolate in a very good yield a most im probable chlorocarbon provided with a colossal steric strain: the perchlorotriphenylmethane (LXX). LXX gives back PTM in boiling hexane or carbon tetrachloride, or by illumination with white light, at room temperature. In this connection it should also be pointed out that although PDM reacts sluggishly with chlorine in the dark, in the presence of iodine this reaction takes place much faster, giving an almost quantitative yield of perchlorodiphenylmethane. This is most probably due to the fact that iodine chloride is the actual chlorinating species and, consequently, it shows how important the energy of the bond to be broken also is.
Cl2 + l2 ---+ ICI (C6Cls)2CCl + ICl ---+ (C5Cls)2CCl2 + I· While the bond energy of molecular . · chlorine is 58 kcalfmole that of iodine chloride is 51 kcalfmole.
We are presently doing research work aimed at the synthesis of carbon radicals having both chemical stability of the PTMs and the light insensitivity of the PDMs. We are also engaged in the synthesis of polyradicals, inert· radicals with functional substituents, perchloroalkaromatic carbenec;, and oxygen and nitrogen perchlorinated radicals.
